Purpose To determine the effect of cryopreservation on acH4K12 in oocytes and their respective zygotes. Methods AcH4K12 in fresh or vitrified-warmed oocytes and their respective zygotes at 70 min-12 h post-fertilization were assessed using fluorescent staining. Results 1. AcH4K12 levels increased significantly in vitrified oocytes compared to controls. 2. Respective zygotes derived from vitrified oocytes had abnormal chromatin distribution or acH4K12 patterns before and after pronuclear formation. Conclusion Cryopreservation alters AcH4K12 patterns in oocytes, which subsequently affect the chromatin distribution and acH4K12 in fertilized oocytes.
Introduction
The cryopreservation of oocytes is very important for the preservation of genetic resources in farm and laboratory animals and in the human. Poor development after cryopreservation, however, has greatly limited its application in these fields [1, 2] . Still remaining are unique challenges that must be overcome before cryopreservation can be routinely used for the storage of oocytes and their subsequent embryos. A wide variety of approaches have been used to improve upon and optimize methods for cryopreservation [3] .
Freezing the oocyte induces a number of unique anomalies such as altered distribution of cortical granules [4] , disorganization of the spindle [5] and disruption of chromosomes [5, 6] . Some of these anomalies are transient for the spindle and chromosomal aberrations can mostly be restored upon warming and incubation [7] . A recent study showed that vitrification of oocytes also induces zona pellucida hardening [8] , which can be overcome by zonadrilling in assisted fertilization [9, 10] or by using a calcium-free vitrification protocol [8] . Assuming that fertilization of vitrified-warmed oocytes can be improved to the level of fresh oocytes, there still remains the problem of reduced embryo development. It is clear that developmental competence in cryopreserved oocytes is decreased; what is not so clear are the events leading up to the decrease.
Histone acetylation is pivotal to many cellular functions such as chromosome condensation, DNA double-strand breakage repair and transcription [11] [12] [13] . During the early period of fertilization, sperm chromatin is decondensed and then recondensed, and histone acetylation patterns change regularly in the process [14] . For example, various lysine residues on histone 3 and histone 4 are unacetylated during meiosis of oocytes, whereas most of these lysine residues are acetylated in preimplantation embryos [15] [16] [17] . Previous studies demonstrated that acH3K14 or acH4K12 increases in oocytes could induce aberrant spindles and subsequent aneuploidy after fertilization [18, 19] . Other studies also indicated aberrant acH4K12 in male gametes after fertilization results in insufficient sperm chromatin compaction or inappropriate transfer of epigenetic information to the zygote, which might be responsible for in male infertility [20] . We hypothesized that changes in acH4K12 are also attributable to reduced development of cryopreserved oocytes.
In the present study we assessed the acetylation status of histone H4 at lysine K12 (acH4K12) in oocytes before and after freezing. We also examined acH4K12 patterns in zygotes derived from cryopreserved oocytes.
Materials and methods
All chemicals and media were purchased from Sigma chemical Co. (St. Louis, MO), unless otherwise indicated. Animals used in the study were Kunming white mice (Academy of Military Medical Sciences, Beijing, China) and were maintained at 20-22°C on a 14-h (6:00-20:00) light and 10-h (20:00-6:00) dark schedule. Experimental protocols for handing the mice were in accordance with the guidelines of the Institutional Animal Care and Use Committee of the China Agricultural University.
Oocytes collection
Six-eight week-old female mice were superovulated with 10 IU (i.p.) pregnant mare serum gonadotrophin (PMSG) (Ningbo Hormone Products CO., China) followed 48 h later by 10 IU of hCG (Ningbo Hormone Products CO., China). Fourteen hours post hCG injection, oocytes were obtained from the oviducts and put into M2 medium. The cumulus cells were removed with a hyaluronidase (300 IU/ml) treatment for 3-5 min in the same solution. Only normal oocytes with second polar body were used.
Cryopreservation of oocytes

Manufacture of the open pulled straws (OPS)
The OPS were made according to the method described by Vajta et al [21] , with some modifications. The 0.25-ml plastic straws (I.V.M., 1'Aigle, France) were heat-softened over a self-made little alcohol burner and pulled manually to get a straw of approximately 0.10 mm in inner diameter and 0.05 mm in wall thickness, which could get about 20,000C/min in cooling rate. 
Vitrification and warming of oocytes
Oocyte freezing was performed within 30 min after collection, and it was handled at ambient temperature (25±0.5 C). Vitrification media and oocytes were maintained at 37 C on a warming plate (Wenesco, Inc. Chicago, USA). Oocytes were vitrified in EDFS30 using the OPS method. Oocytes were pretreated in 10% EG+10% DMSO for 30 s and then transferred to EDFS30 in the narrow end of the pulled straw and held for 25 s. The straws were then immediately plunged into liquid nitrogen (LN 2 ). Fifteen oocytes were loaded into each OPS. After storage for at least 24 h in LN 2 , oocytes were removed for warming. The tip of OPS was put into 0.5 mol/L sucrose, and the oocytes were released and kept in 0.5 mol/L sucrose for 5 min. Afterwards the oocytes were placed into 100 μl of M2 droplets in a petri dish (35 mm× 10 mm, Corning Incorporated, Corning, NY 14831, USA) and incubated in a CO2 incubator for 30 minutes before immunocytochemical staining and fertilization procedure.
AcH4K12 analysis of oocytes by immunocytochemical staining
Fresh or frozen/thawed oocytes were fixed with 3.7% paraformaldehyde for 30 min, and permeabilized with 0.5% Triton X-100 for 30 min. The oocytes were then blocked in 0.1% BSA for 1 h at room temperature, and then incubated with an antibody against acetylated H4K12 (Upstate Biotechnology, Lake Placid, NY) (1:300) at 4°C overnight. The oocytes were washed extensively and labeled with FITC (Fluorescein isothiocyanate)-conjugated anti-rabbit IgG (1:100) for 30 min at room temperature. The DNA was counterstained with 10 μg/ml propidium iodide (PI) for 10 min, followed by an extensive washing. The oocytes were then mounted on slides and fluorescence was detected with a Nikon spectral confocal scanning microscope. System settings were kept constant for all the replicates and each experiment was repeated three times. A minimum of 78 oocytes were stained in each experiment. Oocytes were treated with 0.1% BSA instead of primary antibody for the negative control. Fluorescence intensities were quantified using EZ-C1 Free Viewer software described previously [22] with some modification. The pixel value of fluorescence was measured within a constant area from five different regions of chromosomes and five different regions of cytoplasm, and the average cytoplasmic value was subtracted from the average chromosomal value. Oocytes were classified into three grades ("++", "+", and "-") according to intensity of fluorescence as elsewhere described [18] .
In vitro fertilization and acH4K12 analysis of the zygotes Fresh or frozen/thawed oocytes were placed into 75 μl of human tubal fluid (HTF) medium supplemented with 4 mg/ml BSA. Ten micro liters of Kunming white mouse sperm, which had been incubated for 1-1.5 h in HTF medium supplemented with 4 mg/ml BSA at 37°C for capacitation, was added to the oocytes. The mixture was incubated at 37°C, in an atmosphere of 5% CO 2 in air. Some of the fertilized oocytes were used to analyze the acetylation patterns of H4K12 pre-and postpronuclear formation. The time points that we used during zygote development has been described previously [23] . Prepronuclear stage times were 70, 100, 150 and 280 min post insemination, and 6, 8, 10 and 12 h were used for the postpronuclear stage formation. Each group was replicated three times and a minimum of 51 fertilized zygotes were assessed in each group. Immunocytochemical staining and acetylation assessment of pronuclear zygotes are as that as described above for oocytes, and the size of the sperm head 70 min post fertilization was also assessed using EZ-C1 Free Viewer software. For the assessment of the development potential of oocytes after fertilization, some of the embryos derived from fresh or vitrified/warmed oocytes were washed in HTF medium to remove the sperm after 4-6 h incubation, and then transferred into 75 μl drops of HTF medium. At this point, the oocytes were assessed for survival. Oocytes having dark or granular cytoplasm, or being non-spherical or shrunken were defined as survival. The normal oocytes were cultured in HTF for 24 and 96 h for counting of the cleavage and blastocyst formation separately.
Statistical analysis
Data were analyzed using the T-test with SPSS12.0 software. P values less than 0.05 were considered statistically significant. Fig. 1 Acetylation patterns of H4K12 in fresh and vitrifiedwarmed oocytes. Acetylation patterns of H4K12 was significantly enhanced in the cryopreserved oocyte (bottom) compared to that of fresh control (top) (a). AcH4K12 and DNA were labeled as green and red, respectively. Scale bar was 20 μm. The proportion of oocytes with an intense increased acH4K12, a weak or absent or a decreased signal in the cryopreserved group compared to fresh control (b). Intense and weak fluorescence signals are denoted with "++" and "+," respectively, and the absence of a signal is denoted with "-"
Results
Cryopreservation effect on survival and subsequently oocyte developmental potential
The survival rate in Table 1 between the fresh and vitrified treatment groups was not significantly different. The cleavage and blastocyst rates, however, were significantly reduced when vitrified oocytes were fertilized and compared to the untreated control (55.9% and 66.1% vs. 76.1% and 76.8%, P<0.05).
AcH4K12 in fresh or vitrified-warmed oocytes
Acetylation of H4K12 was significantly enhanced in the cryopreserved oocytes compared to that in fresh control (Fig. 1a) . (Fig. 1b) .
AcH4K12 patterns of gametes before pronuclear formation
Under natural conditions as shown in mode graph (Fig. 2a) , there is a continuous morphological change in either paternal or maternal chromatin in fresh oocytes during fertilization. The acetylation level of H4K12 of paternal chromatin was undetectable in fresh oocytes 70 min post fertilization (Fig. 2b-a' ). Thereafter and in conjunction with development, acetylation of H4K12 occurs and spread uniformly throughout paternal chromatin (Fig. 2b-b', c' and d' ). In the maternal chromatin after fertilization the residue was continuously acetylated (Fig. 2c-a', b' , c' and d'). The acetylation patterns were different in fertilized vitrified-warmed oocytes. Unlike fresh oocytes, histone acetylation on H4K12 was detected on paternal chromatin in vitrified-warmed oocytes 70 min post fertilization, indicating that acetylation occurred earlier in the Fig. 2 (b) . H4K12 acetylation patterns of maternal chromatin in fresh (top) and vitrified-warmed (bottom) oocytes are shown in Fig. 2 (c) . Picture letters without superscript, DNA; letters with ('), AcH4K12; and letters with ("), pictures were produced by Nikon EZ-C1 Free Viewer software and different colors were employed to represent the different intensity of the fluorescence of H4K12 acetylation cryopreserved oocytes (Fig. 2b-e') . In order to explain whether this early appearance of acetylation of sperm was attribute to its faster decondense in vitrified oocytes, we have measured the size of sperm head at 70 min, and the result indicated that the sperm heads in vitrified oocytes larger than that in fresh oocytes (Fig. 3) . Furthermore, we also observed that 37% of the vitrified oocytes had an abnormal chromatin distribution after fertilization.
Pronuclear AcH4K12 patterns in zygotes
As shown in mode graph (Fig. 4a) , under natural conditions, the male and female pronuclei expanded gradually, approached each other and then merging at about 12 h post-fertilization. In untreated control oocytes, the acetylation of H4K12 for male and female pronuclei distributed uniformly in the central region 6 hours post-fertilization ( Fig. 4b-a" and Fig. 4c-a") . The acetylation signal decreased in the central region and increased in peripheral regions along with embryo development, which was very pronounced at 10 or 12 h post-fertilization (Fig. 4b-c",d" and Fig. 4c-c",d") . The acH4K12 patterns of male and female pronuclei in zygotes derived from vitrified-warmed oocytes gradually took on a normal composition 6-12 h postfertilization, with very similar distribution patterns as that in controls at 12 h post-fertilization. The intensity of the acetylation signal in the vitrified-warmed group (Fig. 4b-e" , f", g", h" and Fig. 4c -e", f", g", h") was lower than that in the untreated control ( Fig. 4b-a",b" , c", d" and Fig. 4c-a", b" , c", d") at corresponding phases, especially at 6 and 8 h after fertilization.
Discussion
In this study, we first investigated putative cryopreservationinduced alterations of acetylation patterns on H4K12 in oocytes and their subsequent zygotes. The research focused on providing a better understanding of how cryopreservation affects the oocyte at the molecular level and how this information might lead to an improvement of gamete cryopreservation. Our research showed that acetylation levels on H4K12 in vitrified-warmed oocytes increased significantly when compared to that observed in fresh controls. Enhanced acH4K12 has been previously reported in oocytes from aged mice and in trichostatin A (a histone deacetylase inhibitor)-treated oocytes from young mice, which is both cases resulted in aneuploidy and embryo death [19, 24] . Our results, and in a previous study [19] , showed that the acetylation signal of H4K12 is very low, even undetectable, in fresh oocytes from young mice, The enhanced histone acetylation that we observed in oocytes might account for the decreased developmental capacity of cryopreserved oocytes in earlier reports [10, 25] . We also observed that the rate of cleavage and development to the blastocyst stage was significantly decreased when vitrified oocytes were fertilized. Whether histone acetylation during fertilization can be changed by the cryopreservation process is worth further investigation. Our study also showed that acetylation of H4K12 was undetectable in paternal chromatin in the fresh oocytes 70 min post fertilization. This observation confirms a previous report that H4K12 was under acetylated when the sperm was injected into an oocyte [26] . The sperm chromatin is compacted and combined with protamines but not histone under natural conditions. After gamete fusion, sperm-specific chromatin decondenses and recondenses and then protamines are replaced by histones [14] , which could very well postpone acetylation processes in paternal chromatin. Following the development of a fertilized zygote, acetylation at this residue occurs and distributed uniformly on chromosomes after that. However, H4K12 remains acetylated during the entire process of fertilization in maternal chromatin.
Unlike in the fresh oocyte group, acH4K12 and bigger sperm head were detected on paternal chromatin 70 min post fertilization, thus indicating earlier acetylation and faster decondense of paternal chromatin occurred in the cryopreserved oocytes. The abnormal phenomena might be associated with the enhanced histone acetylation in cryopreserved oocytes. Because previous study suggested that acetylated histone might be a binding chromatin remodeler [27] , which becomes pivotal for the remodeling of chromatin and subsequently affects chromosome structure when the sperm penetrates oocyte.
We observed in our study that the acH4K12 patterns of both male and female pronuclei in zygotes derived from vitrified-warmed oocytes can be partially restore from 6 to 12 h post-fertilization, with a similar distribution patterns compared to that in controls at 12 h post-fertilization. The intensity of acetylation signal in vitrified-warmed group, however, was lower than that in the untreated controls at the same time points after fertilization. Abnormal acetylation levels at these time points could hamper nucleosome disassembly and thereby delay DNA replication [28] , which might lead to the degradation of vitrified oocytes. Yamanaka et al (2009) also indicated that the level of histone acetylation at the pseudo-pronuclear stage is pivotal for subsequent development in SCNT embryos [29] . The same mechanisms seem to apply in this study.
Conclusion
The acH4K12 patterns were first characterized in mouse oocytes and in their corresponding zygotes. The characteristic patterns could be altered by cryopreservation, which more than likely compromise chromatin distribution and development of the cryopreserved oocytes after fertilization. 
